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IMAGING, OBJECT DETECTION, AND
CHANGE DETECTION WITH A POLARIZED
MULTISTATIC GPR ARRAY

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims the benefit of U.S. Provisional
Patent Application No. 61/589,699, filed Jan. 23, 2012,
entitled “DART-BASED DETECTION AND DISCRIMI-
NATION UTILIZING WAVE POLARIZATION AND
OBJECT ORIENTATION,” which is incorporated herein by
reference in its entirety.

This application is related to U.S. patent application Ser.
No. 13/219,410, filed Aug. 26, 2011 and entitled “REAL-
TIME SYSTEM FOR IMAGING AND OBJECT DETEC-
TION WITH A MULTISTATIC GPR ARRAY;” and U.S.
patent application Ser. No. 13/748,447, filed concurrently and
entitled “POINT PATTERN MATCH-BASED CHANGE
DETECTION IN A CONSTELLATION OF PREVIOUSLY
DETECTED OBJECTS,” which are incorporated herein by
reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

The United States Government has rights in this invention
pursuant to Contract No. DE-AC52-07NA27344 between the
U.S. Department of Energy and Lawrence Livermore
National Security, LLC, for the operation of Lawrence Liv-
ermore National Laboratory.

BACKGROUND

Many scientific, engineering, medical, and other technolo-
gies seek to identify the presence of an object within a
medium. For example, some technologies detect the presence
of buried landmines in a roadway or a field for military or
humanitarian purposes. Such technologies may use ultra
wideband ground-penetrating radar (“GPR”) antennas that
are mounted on the front of a vehicle that travels on the
roadway or across the field. The antennas are directed into the
ground with the soil being the medium and the top of the soil
or pavement being the surface. GPR systems can be used to
detect not only metallic objects but also non-metallic objects
whose dielectric properties are sufficiently different from
those of the soil. When a radar signal strikes a subsurface
object, it is reflected back as a return signal to a receiver.
Current GPR systems typically analyze the strength or ampli-
tude of the return signals directly to identify the presence of
the object. Some GPR systems may, however, generate
tomography images from the return signals. In the medical
field, computer-assisted tomography uses X-rays to generate
tomography images for detecting the presence of abnormali-
ties (i.e., subsurface objects) within a body. In the engineering
field, GPR systems have been designed to generate spatial
images of the interior of concrete structures such as bridges,
dams, and containment vessels to assist in assessing the integ-
rity of the structures. In such images, the subsurface objects
represented by such images tend to appear as distinct bright
spots. In addition to referring to a foreign object that is within
a medium, the term “object” also refers to any characteristic
of the medium (e.g., crack in the medium and change in
medium density) that is to be detected.

Using current imaging techniques, computational systems
attached to arrays that contain dozens of antennas are unable
to produce radar tomography images of the subsurface in real
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time. A real-time system needs to process the return signals
from successive sampling locations of the vehicle as it travels
so that, in the steady state, the return signals for one sampling
location are processed within the time between samplings.
Moreover, in the case of a vehicle that detects landmines, a
real-time system may need to detect the presence of the land-
mine in time to stop the vehicle from hitting the landmine.

Some current technologies seek to detect the presence of
new objects that were not detected in previous passes. For
example, a convoy of military vehicles may travel over a
certain roadway fairly often. If access to the roadway is not
tightly controlled, the military may need to check, each time
a convoy is to travel down the roadway, for the presence of
landmines or other objects that may pose a hazard to the
convoy. As another example, a civil engineering firm may
check bridges, dams, and other structures on a regular basis
(e.g., yearly) for the presence of new subsurface defects (e.g.,
cracks). Each time the structure, roadway, or area is scanned,
large amounts of data may be collected and processed. For
example, the scan of the roadway may collect GPR return
signals every few centimeters. GPR systems may generate
image frames from the return signals and detect subsurface
objects inthose image frames. When these GPR systems have
access to data from previous scans of that structure or road-
way, the GPR systems may detect change by comparing (i)
images reconstructed along the latest scan to images recon-
structed along previous scans, or (ii) newly detected objects to
previously detected objects.

Current GPR systems do not use results from previous
scans to perform change detection for objects in real time. A
major hurdle in achieving this goal is that the cost of storing
the vast amounts of data collected from previous scans and
comparing data from those previous scans to the latest scan
may be prohibitive. A real-time system needs to process the
return signals from successive sampling locations of the
vehicle down-track so that, in the steady state, the return
signals for one sampling location are processed within the
time between samplings. Moreover, in the case of a vehicle
that detects landmines, a real-time system may need to detect
the presence of the landmine in time to stop the vehicle that is
collecting the return signals before it hits the landmine.

Current GPR systems may use several transmitter and
receiver antenna pairs that are typically oriented in the same
direction. For example, an array of transmitter and receiver
pairs may be mounted in a linear array on a vehicle with the
antennas oriented across the roadway, that is, perpendicular
to the direction of the roadway. Transmitters oriented across
the roadway emit a signal that is polarized across the roadway.
The return signals from such transmitters are strongest when
a subsurface object has a significant extent across the road-
way. For example, an object that extends across one-quarter
of the roadway will produce a return signal that is much
stronger than an object that extends only a very short distance
across the roadway. Thus, a large boulder or a pipeline cross-
ing the roadway will produce a strong return signal, but a
pipeline that extends in the direction of the roadway will
produce a much weaker return signal. As a result, such GPR
systems may produce results that are less than desirable for
objects (e.g., cracks or pipelines) with a short extent across
the roadway. Although some GPR systems use antenna arrays
with transmitters and receivers with different orientations,
these systems do not effectively detect subsurface objects in
real time.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram that illustrates an arrangement of a
linear array of antennas.

FIG. 2 is a block diagram that illustrates the combined
change mode in some embodiments of the polarized detection
system.
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FIG. 3 is a block diagram that illustrates the combined
object mode in some embodiments of the polarized detection
system.

FIG. 41is a flow diagram that illustrates the processing of an
object combining component of the polarized detection sys-
tem in some embodiments.

FIG. 5 is a block diagram that illustrates the combined
image mode in some embodiments of the polarized detection
system.

FIG. 6 is a flow diagram that illustrates the processing of an
image combining component of the polarized detection sys-
tem in some embodiments.

FIG. 7 is a flow diagram that illustrates the processing of a
weight image component of the polarized detection system in
some embodiments.

DETAILED DESCRIPTION

A method and system for detecting the presence of subsur-
face objects within a medium is provided. In some embodi-
ments, the polarized detection system performs imaging,
object detection, and change detection factoring in the orien-
tation of an object relative to the orientation of transceivers.
The polarized detection system may operate in a multistatic
mode by using radar return signals associated with transmit-
ter/receiver pairs within an array of transmitter and receiver
antennas. For example, when the polarized detection system
is used on a roadway (or more generally a track), the array of
transceiver antenna pairs may be mounted on a vehicle that
travels down the roadway. Each transceiver antenna pair is
associated with a location across the roadway, and the trans-
ceiver antenna pairs transmit signals and receive return sig-
nals at the various sampling locations down the roadway. The
transceiver antenna pairs have different orientations relative
to the roadway. For example, in an array with 12 transceiver
antenna pairs, three sets of four transceiver antenna pairs may
be oriented at angles of 0, 45, and 90 relative to the direction
oftravel. The polarized detection system pre-processes return
signals to suppress the effects of extraneous signals such as
antenna coupling, external interference, surface bounce and
multipath, surface roughness, and so on. After preprocessing
the return signals, the polarized detection system generates
reconstructed images for the sampling locations. The recon-
structed images represent an image of the subsurface that
extends across the medium for the length of the array of
transceiver antenna pairs and to a certain depth. To generate
the reconstructed images, the polarized detection system gen-
erates a real aperture radar tomography image for each sam-
pling location using plane-to-plane backward propagation.
The polarized detection system then generates a synthetic
aperture radar image representing the reconstructed image for
a sampling location based on a sequence of real aperture radar
images at nearby sampling locations along the track. The
polarized detection system then post-processes the recon-
structed images to assist in improving the detection of
objects. The polarized detection system may subtract out
various mean values from the pixel values of the recon-
structed images, apply various filters, and enhance the energy
of a spot within the reconstructed images. The polarized
detection system may generate a detection statistic for each
pre-processed image. For example, the detection statistic may
be based on the total energy of the dominant spot within a
post-processed image. The polarized detection system con-
siders the detection statistic as a time-varying signal with an
amplitude corresponding to the time of each sampling along
the track. The peaks within the detection statistic time series
indicate subsurface objects. The polarized detection system
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then applies a peak filtering detection algorithm within the
detection statistics to identify the presence of a subsurface
object at a specific cross-track and down-track location.
Although the polarized detection system is described prima-
rily for processing ground-penetrating radar data to detect
buried objects (e.g., landmines, pipes, and rocks), the polar-
ized imaging and detection system has many other applica-
tions, such as in the civil engineering and medical fields, and
may use signals other than electromagnetic signals, such as
acoustic signals.

In some embodiments, the polarized detection system
applies attribute- and topology-based change detection to
networks of objects that were detected on previous scans of a
structure, roadway, or area of interest. The attributes capture
properties or characteristics of the previously detected
objects, such as location, time of detection, size, elongation,
orientation, etc. The topology of the network of previously
detected objects (the geometrical structure of the network in
XyZ space) is maintained in a constellation database that
stores attributes of previously detected objects and implicitly
captures the geometrical structure of the network. The polar-
ized detection system sets the attributes of the objects based in
part on the orientation of the objects relative to transceiver
orientation. In some embodiments, the polarized detection
system performs change detection by comparing the
attributes and topology of new objects detected on the latest
scan to the constellation database of previously detected
objects. The polarized detection system maintains a constel-
lation database that contains aggregate information, includ-
ing aggregate values of attributes over prior instances of spe-
cific objects that were detected in scans prior to the latest scan.
When the polarized detection system receives information on
newly detected objects on the latest scan, it evaluates how
well the newly detected objects correspond to previously
detected objects topologically and in terms of attributes. The
polarized detection system initially selects a previously
detected object that appears to correspond to a newly detected
object (in the sense that they topologically appear to be the
same object) using a spatial network correspondence algo-
rithm. Such a topological correspondence is referred to as the
“root correspondence.” The polarized detection system evalu-
ates the degree of correspondence between other newly
detected objects and other previously detected objects in the
vicinity based on this correspondence. The correspondence
algorithm may, for example, select a previously detected
object and a newly detected object that are topologically
consistent and have similar attributes. Once the polarized
detection system selects a pair of newly and previously
detected objects as the correspondence, it calculates a “cost
factor” associated with pairs of other newly and previously
detected objects in the vicinity of the correspondence. This
cost factor reflects the belief that the newly detected object
corresponds to the previously detected object of that pair. For
example, a low cost factor may indicate that the objects more
likely correspond. The polarized detection system may then
generate a change statistic for each newly detected object to
quantify the belief that it might not have been previously
detected (and thus constitute a change). For example, a large
change statistic value may indicate that the newly detected
object is more likely to have never been detected on any
previous scan. The polarized detection system may compute
the change statistic using a cost factor (based on attributes and
topological consistency) for assigning that object to the pre-
viously detected object that it corresponds to. The polarized
detection system may determine a likely correspondence
between previously and newly detected objects using a mini-
mal cost assignment algorithm applied to spatially localized
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sets of previously and newly detected objects. After determin-
ing the optimal correspondence, the polarized detection sys-
tem updates information in the constellation database of pre-
viously detected objects with the values of the attributes of the
corresponding newly detected objects, as these attributes may
vary over time due to variations in scan path (e.g., direction of
travel or closeness to the center of the roadway), changes in
the surface (e.g., ruts in the roadway after a rainstorm), and so
on. If a newly detected object corresponds to no previously
detected object, then it may constitute a change. If so, the
polarized detection system adds that object as an additional
object to the constellation database, and it will be treated as a
previously detected object by subsequent scans.

In some embodiments, the polarized detection system
employs a linear array of transmitter and receiver antennas for
transmitting and receiving radar signals. For example, the
linear array may consist of 12 transmitters T, and 12 receivers
R; with each transmitter T, and receiver R, organized into a
transceiver pair. The transceivers are equally spaced across
the linear array. Each transceiver has a transceiver orientation
0, relative to the direction of travel. FIG. 1 is a diagram that
illustrates an arrangement of a linear array of antennas. The
linear array may be moved across a stationary surface or may
be stationary with the surface moving. For example, the linear
array may be mounted on a vehicle that is driven on a road to
detect buried objects or may be a stationary part of a medical
device in which a patient is moved under the linear array. The
linear array moves in a down-track (or y) direction relative to
the surface, the linear array is oriented in a cross-track (or x)
direction, and the linear array transmits signals in the depth
(or z) direction. For example, when a linear array is mounted
on a vehicle traveling on a road, the down-track is the direc-
tion of travel, the cross-track is the direction across the road,
and the depth is the direction into the road. As shown in the
linear array 101, the transmitter and receiver T R, associated
with a given transceiver are located at substantially the same
cross-track location. The linear array has two modes of opera-
tion: multi-monostatic and multistatic. In monostatic mode,
the signal transmitted by a transmitter is received only by the
receiver of that same transceiver. The multi-monostatic mode
refers to the operation of multiple transceivers of a linear
array that each operate in the monostatic mode in sequence.
When in multi-monostatic mode, at each down-track or sam-
pling location, the polarized detection system activates the
transmitters of each transceiver in sequence across the track
and collects the return signal only at the corresponding
receiver of that transceiver. The polarized detection system
thus collects one return signal for each transceiver at each
down-track location. The multistatic mode refers to the
operation of multiple transceivers of a linear array in which
each transmitter transmits in sequence, but the return signal is
collected by multiple receivers with the same orientation.
When in multistatic mode, at each down-track location, for
each transceiver orientation, the polarized detection system
activates the transmitter of each transceiver with that orien-
tation in sequence and collects the return signal from all the
receivers with the same transceiver orientation, as illustrated
in diagram 102. If the linear array has N transceivers for each
transceiver orientation, then the imaging and detection sys-
tem collects N return signals in multi-monostatic mode and
N? return signals in multistatic mode for each transceiver
orientation. Diagram 103 illustrates the orientation of the
transceivers. In this example, transceivers 104, 105, and 106
are oriented at an angle O degrees, 45 degrees, and 90 degrees
relative to the direction of travel. In some embodiments, the
array of transceivers may not be linear or may be organized
into a grid of transceivers.
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In some embodiments, the polarized detection system per-
forms imaging and object detection as described in U.S.
patent application Ser. No. 13/219,410, filed Aug. 26, 2011,
entitled “REAL-TIME SYSTEM FOR IMAGING AND
OBJECT DETECTION WITH A MULTISTATIC GPR
ARRAY” factoring in transceiver orientation. For example,
the polarization generates a separate image for each down-
track location for each transceiver orientation. The polarized
detection system performs change detection as described in
U.S. patent application Ser. No. 13/748,447, filed concur-
rently and entitled “CONSTELLATION MATCHING
BASED CHANGE DETECTION IN A CONSTELLATION
OF PREVIOUSLY DETECTED OBIJECTS” factoring in
transceiver orientation. The polarized detection system may
use one of several modes of operation based on whether
changes, objects, or images are combined across polariza-
tions. In combined change mode, the polarized detection
system performs imaging, object detection, and change
detection separately for each transceiver orientation, and then
combines changes across polarizations. In combined object
mode, the polarized detection system performs imaging and
object detection separately for each transceiver orientation,
and then combines objects across polarizations and performs
change detection on the result. In combined image mode, the
polarized detection system performs imaging separately for
each transceiver orientation and then combines images across
polarizations and performs object detection followed by
change detection on the result.

In combined change mode, the polarized detection system
performs separate imaging, objection detection, and change
detection for each transceiver orientation from the return
signals of the transceivers with that transceiver orientation.
The polarized detection system then indicates that a change
has been detected by invoking a rule for combining change
across multiple antenna polarizations. For example, if a
change is indicated for any transceiver orientation, the polar-
ized detection system may indicate that a change has
occurred. Alternatively, the polarized detection system may
indicate a change only when a change is indicated for a
transceiver orientation that is closely aligned with the object.

In combined object mode, the polarized detection system
performs separate imaging and object detection for each
transceiver orientation, generates combined objects, and then
applies change detection to the combined objects. When cor-
responding objects are detected for different transceiver ori-
entations, the polarized detection system generates combined
objects by setting the attributes of the objects based on a
weighted average of the separate attributes for that object at
the various transceiver orientations. The polarized detection
system weights the attributes based on the difference between
the transceiver orientation and the object orientation with a
difference of 0 degrees having the highest weight and a dif-
ference 0f 90 degrees having the lowest weight. The polarized
detection system supplies the combined objects to the change
detection system to detect changes in the combined objects.

In combined image mode, the polarized detection system
performs separate imaging for each transceiver orientation
for each down-track location, generates combined images,
and applies object detection and change detection to the com-
bined images. To generate a combined image for a down-
track location, the polarized detection system identifies the
orientation of an object within the images and sets the pixels
corresponding to the object as a weighted average of the
corresponding pixels in the separate images. The polarized
detection system weights the pixels based on the difference
between the transceiver orientation and the object orientation.
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FIG. 2 is a block diagram that illustrates the combined
change mode in some embodiments of the polarized detection
system. In the combined change mode, the polarized detec-
tion system performs separate imaging 201, object detection
202, and change detection 203 for each transceiver orienta-
tion 0,. For each transceiver orientation 6, ,the polarized
detection system receives return signals collected by receiv-
ers at orientation 0, and outputs images. For each transceiver
orientation, the polarized detection system separately per-
forms object detection on the images and change detection on
the objects output by the change detection system. The polar-
ized detection system performs change combining 204 based
on the indications of change at separate polarizations, and
outputs a combined indication of change.

FIG. 3 is a block diagram that illustrates the combined
object mode in some embodiments of the polarized detection
system. In combined object mode, the polarized detection
system performs separate imaging 201 and object detection
202 for each transceiver orientation. For each transceiver
orientation 8, the polarized detection system receives return
signals collected by receivers at orientation 0, and outputs
images. For each transceiver orientation, the polarized detec-
tion system separately performs object detection on the
images and outputs separate objects. The polarized detection
system performs object combining 301 on the separate
objects and outputs the combined objects. The polarized
detection system then performs change detection 203 on the
combined objects and outputs an indication of any change.

FIG. 41is a flow diagram that illustrates the processing of an
object combining component of the polarized detection sys-
tem in some embodiments. The component receives the
object data for multiple transceiver orientations and generates
combined objects by combining the attributes of the object.
The attributes may include any attribute used when perform-
ing change detection. These attributes may include strength
of detection, location, length, and so on. In block 401, the
component selects the next object. In decision block 402, if all
the objects have already been selected, then the component
completes, else the component continues at block 403. In
block 403, the component retrieves the object data for the
selected object for each transceiver orientation. In block 404,
the component determines the object orientation 0, of the
object. In block 405, the component generates a weighted
average of each attribute of the object according to the fol-
lowing equation:

N ) ) v
atrj = Z attr(0,)- £(16; = 6,])
i=1

i

where attr, represents the combined data for the jth attribute,
attr; (6,') represents the data for the jth attribute for the ith
transceiver orientation, and f represents a weighting function
that generates the weight for a transceiver orientation. The
weighting function inputs the difference between the trans-
ceiver orientation and the object orientation and outputs a
number between 0 and 1. In some embodiments, the weight-
ing function may be a linear function that maps a difference of
0 degrees to 1 and a difference of 90 degrees to 0. Alterna-
tively, the weighting function may be based on the cosine of
the difference as represented by the following equation:

F(Ag)=lcos™ Agl 2)

where Aq represents the difference in transceiver orientation
and object orientation and n represents a scaling factor. In
general, the weighting function f(Ag) is continuous, varies
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from zero to one, is zero for Ag=(k+1)r/2 and one for Ag=ks
(where k is an integer). The component then loops to block
401 to select the next object.

FIG. 5 is a block diagram that illustrates the combined
image mode in some embodiments of the polarized detection
system. In combined image mode, the polarized detection
system performs separate imaging 201 for each transceiver
orientation. For each transceiver orientation 8, the polarized
detection system receives return signals collected by receiv-
ers at orientation 6, and outputs images for that transceiver
orientation. The polarized detection system performs image
combining 501 to combine the images generated for each
transceiver orientation at each down-track location into a
combined image for that down-track location. The polarized
detection system then performs object detection 202 on the
combined images and change detection 203 on the objects
and outputs an indication of any change.

FIG. 6 is a flow diagram that illustrates the processing of an
image combining component of the polarized detection sys-
tem in some embodiments. The component is passed an
image for each transceiver orientation and outputs a com-
bined image. In block 601, the component initializes the
combined image. In block 602, the component selects the
next transceiver orientation 6,. In decision block 603, if all the
transceiver orientations have already been selected, then the
component completes, else the component continues at block
604. In block 604, the component invokes a weight image
component to weight the pixels of the selected image based
on the alignment of the object(s) with the transceiver orien-
tation. In block 605, the component combines the weighted
image with the combined image and loops to block 602 to
select the next transceiver orientation.

FIG. 7 is a flow diagram that illustrates the processing of a
weight image component of the polarized detection system in
some embodiments. The component is passed an image and
the transceiver orientation of that image. Because the images
are combined before object detection, the component identi-
fies spots on successive images that represent continuations
of the same spot as a possible object and determines the
orientation of those continuation spots as an object orienta-
tion. The component then weights the pixels of those spots
based on alignment with the transceiver orientation. In block
701, the component selects the next spot that has been iden-
tified from images for that track location. In decision block
702, if all the spots have already been selected, then the
component returns, else the component continues at block
703. In decision block 703, if the spot is a continuation of a
spot detected at the previous down-track location, then the
component continues at block 704, else the component con-
tinues at block 708. In decision block 704, if continuation
spots have been detected in a sufficient number of down-track
locations, then the component continues at block 705, else the
component continues at block 708. In block 705, the compo-
nent determines the object orientation of the spots as an
indication of the object represented by the spots. In block 706,
the component determines the difference between the object
orientation and the transceiver orientation. In block 707, the
component weights the pixels of the spot by the weighting
function. In block 708, the component stores the spot infor-
mation and loops to block 701 to select the next spot.

The computing devices on which the polarized detection
system may be implemented may include a central processing
unit and memory and may include input devices (e.g., key-
board and pointing devices), output devices (e.g., display
devices), and storage devices (e.g., disk drives). Computer-
readable media include computer-readable storage media and
data transmission media. The computer-readable storage
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media include memory and other storage devices that may
have recorded upon or may be encoded with computer-ex-
ecutable instructions or logic that implement the polarized
detection system. The data transmission media is media for
transmitting data using signals or carrier waves (e.g., electro-
magnetism) via a wire or wireless connection. Various func-
tions of the polarized detection system may also be imple-
mented on devices using discrete logic or logic embedded as
an application-specific integrated circuit. The polarized
detection system may be implemented on a computer system
that is local to a vehicle to which a linear array of penetrating
radar antennas is mounted for processing the return signals
locally. Alternatively, one or more of the components may be
implemented on a computer system that is remote from the
linear array. In such an alternative, the data used by the vari-
ous components (e.g., return signals and image frames) may
be transmitted between the local computing system and
remote computer system and between remote computing sys-
tems.

The polarized detection system may be described in the
general context of computer-executable instructions, such as
program modules, executed by one or more computers or
other devices. Generally, program modules include routines,
programs, objects, components, data structures, and so on
that perform particular tasks or implement particular abstract
data types. Typically, the functionality of the program mod-
ules may be combined or distributed as desired in various
embodiments.

From the foregoing, it will be appreciated that specific
embodiments of the invention have been described herein for
purposes ofillustration, but that various modifications may be
made without deviating from the scope of the invention.
Accordingly, the invention is not limited except as by the
appended claims.

We claim:

1. A method for processing an age of a subsurface of a
medium, the method comprising:

for each of a plurality of transceiver orientations, generat-

ing an image based on return signals acquired from
signals emitted by one or more transmitters at that trans-
ceiver orientation;

determining an object orientation of an object below the

surface of the medium, the object orientation being
determined from return signals collected at a plurality of
down-track locations of the medium; and

processing the images factoring in the transceiver orienta-

tion used in generating each image relative to the object
orientation.

2. The method of claim 1 including assigning a weight to
each transceiver orientation based on the transceiver orienta-
tion used in generating the image relative to the object orien-
tation.

3. The method of claim 2 wherein the weight for a trans-
ceiver orientation is based on a cosine of a difference between
that transceiver orientation and the object orientation.

4. The method of claim 2 wherein the processing includes
generating a combined image as a combination of the images
based on the weights for each transceiver orientation.

5. The method of claim 4 wherein the processing includes
detecting objects from the combined images generated from
a plurality of down-track locations.

6. The method of claim 5 wherein the processing includes
detecting a change in detected objects based on combined
images previously generated for the medium.
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7. The method of claim 2 wherein the processing includes:

for each of the plurality of transceiver orientations,

detecting objects from a plurality of images generated at
down-track locations for that transceiver orientation;
and

generating attributes for the detected objects for that
transceiver orientation; and

generating a combined attribute for a detected object from

a weighted combination of the attributes for that
detected object for the transceiver orientations based on
the weights for the transceiver orientations.

8. The method of claim 7 wherein the processing includes
detecting a change in detected objects based on the combined
attributes for previously detected objects.

9. The method of claim 1 wherein the processing includes:

for each of the plurality of transceiver orientations,

detecting objects from a plurality of images generated at
down-track locations for that transceiver orientation;
and

detecting a change in detected objects based on images
generated for that transceiver orientation; and

generating a combined indication of a change in a detected

object based on the detected change for the plurality of

transceiver orientations.

10. The method of claim 9 wherein the combined indica-
tion of a change indicates a change in a detected object when
a change is detected for at least one of the transceiver orien-
tations.

11. A computer-readable storage medium that is not a
transitory, propagating signal storing computer-executable
instructions for controlling a computing system to process
images of'a subsurface of a medium, the computer-executable
instructions comprising:

instructions that, for each of a plurality of down-track

locations of the medium,
for each of a plurality of transceiver orientations at that
down-track location, generate an image based on
return signals acquired from signals emitted by one or
more transmitters at that transceiver orientation;
instructions that determine an object orientation of an
object below the surface of the medium; and
instructions that process the images factoring in the trans-
ceiver orientation used in generating each image relative
to the object orientation.

12. The computer-readable storage medium of claim 11
wherein the instructions that process include instructions to
generate a combined image as a combination of the images
factoring in the transceiver orientation used in generating the
images.

13. The computer-readable storage medium of claim 12
wherein the instructions that process include instructions to
detect objects from the combined images generated from a
plurality of down-track locations.

14. The computer-readable storage medium of claim 13
wherein the instructions that process include instructions to
detect a change in detected objects based on combined
images previously generated for the medium.

15. The computer-readable storage medium of claim 11
wherein the instructions that process include instructions
that,

for each of the plurality of transceiver orientations,

detect objects from a plurality of images generated at
down-track locations for that transceiver orientation;
and

generate attributes for the detected objects for that trans-
ceiver orientation; and



US 9,086,501 B2

11

generate a combined attribute for a detected object from
a weighted combination of the attributes for that
detected object for the transceiver orientations based
on the weights for the transceiver orientations; and

detect a change in detected objects based on the com-
bined attributes for previously detected objects.

16. The computer-readable storage medium of claim 11
wherein the instructions that process include instructions
that,

for each of the plurality of transceiver orientations,

detect objects from a plurality of images generated at
down-track locations for that transceiver orientation;
and

detect a change in detected objects based on images
generated for that transceiver orientation; and

generate a combined indication of a change in a detected

object based on the detected change for the plurality of

transceiver orientations.

17. A device for processing images of a subsurface of a
medium, the device comprising:

an imaging component that, for each of a plurality of down-

track locations of the medium,
for each of a plurality of transceiver orientations at that
down-track location, generates an image based on
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return signals acquired from signals emitted by one or
more transmitters at that transceiver orientation;

an object detection component that detects objects repre-

sented in the generated images factoring in transmitter
orientation and object orientation; and

a change detection component that detects and indicates

changes in the objects detected during previous process-
ing of images.

18. The device of claim 17 including an image combining
component that generates a combined image as a combina-
tion of the images factoring in the transceiver orientation used
in generating the images and object orientations of objects
represented in the images.

19. The device of claim 17 including an object combining
component that generates a combined object from the objects
detected by the object detection component factoring in the
transceiver orientation used to generate each image and
object orientation.

20. The device of claim 17 including a change combining
component that generates a combined indication of changes
from the changes indicated by the change detection compo-
nent for each transceiver orientation.
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